Lightweight porous metallic materials are generally created through specialized processing techniques. Their unique structure gives these materials interesting properties which allow them to be used in diverse structural and insulation applications. In particular, highly porous Al structures (Al foams) have been used in aircraft components and sound insulation; however due to the difficulty in processing and random nature of the foams, they are not well understood and thus they have not yet been utilized to their full potential. The objective of this project was to determine whether a relationship exists between the relative density (porous density/bulk density) and the mechanical properties of porous Al structures. For this purpose, a combination of computer simulations and experiments was pursued to better understand possible relationships. A Finite Element Method (FEM)-based software, COMSOL Multiphysics 4.3, was used to model the structure and to simulate the mechanical behavior of porous Al structures under compressive loads ranging from 1-100 MPa. From these simulated structures, the maximum von Mises stress, volumetric strain, and other properties were calculated. These simulation results were compared against data from compression experiments performed using the Instron Universal Testing Machine (IUTM) on porous Al specimens created via a computernumerically-controlled (CNC) mill. CES EduPack software, a materials design program, was also used to estimate the mechanical properties of porous Al and open cell foams for values not available experimentally, and for comparison purposes. This program allowed for accurate prediction of the mechanical properties for a given percent density foam, and also provided a baseline for the solid Al samples tested. The main results from experiments were that the Young's moduli (E) for porous Al samples (55.8% relative density) were 15.9-16.6 GPa depending on pore diameter, which is in good agreement with the CES EduPack predictions; while the compressive strengths (σ c ) were 155-185 MPa, higher than those predicted by CES EduPack. The results from the FEM simulations using 3D models (55.8% relative density) revealed the onset of yielding at 13.5-14.0 MPa, which correlates well with CES EduPack data. Overall results indicated that a combination of experiments and FEM simulations can be used to calculate structure-property relationships and to predict yielding and failure, which may help in the pursuit of simulation-based design of metallic foams. In the future, more robust modeling and simulation techniques will be explored, as well as investigating closed cell Al foams and different porous geometries (nm to micron). This study can help to improve the current methods of characterizing porous materials and enhance knowledge about their properties for alternative energy applications, while promoting their design through integrated approaches.
INTRODUCTION
Lightweight porous materials are generally created through specialized processing techniques. Aluminum foam (Figure 1a ) is a relatively novel material typically created from an Al powder or melt and foaming agent mixture [1] . This metallic foam can also be produced using compressed air within a bath of molten Al, leading to its random structure [1] . Another common production method is to create a polymer foam template, fill the template with sand slurry and burn out the polymer using molten aluminum [1] . Metallic foams have a high strength-to-weight ratio and unique properties due to their porous structure. This open structure allows the foam to have a much lower relative density than its parent material, typically 50-90% less. The foam retains many of the parent mechanical properties, but has several significant differences. Rather than concentrating stress at a load point, the foam transmits the stress multi-axially throughout the structure, decreasing the points of high stress concentration [2] . In addition, Al foams have a very large densification strain as the structure fails. The foams usually have 5 to 10 times more damping ability than the parent material [1] , hence their potential usefulness for energy damping applications (e.g. crash protection and acoustic insulation). Al foams have in general 4%-25% relative density of the parent material (2.7 g/cm 3 for Al). This causes foams to be very lightweight materials with unique mechanical properties and many potential applications where high strength and low weight are desired (e.g. aerospace and automotive industries). Some representative examples of lightweight Al foams are shown in Figure 2 . Figure 1 . Porous Al samples related to this study: a) an ERG Duocel Al foam is commercially available [3] (10%-12% relative density and 5 pores per inch), and b) a porous Al physical model created using a CNC mill in this study (50%-60% relative density and 6.3 pores per inch). Dimensions d, L and s denote pore diameter, sample length, and pore spacing respectively.
Metallic foams are still in their early stages of development and a limited number of studies have been reported to date on the characterization of this material. The objective of this study was to determine if a relationship exists between porosity and mechanical properties in porous Al samples as representative models of foams. With a more thorough understanding of this material and its properties, foams in the future may be tailored more easily for a specific application. Since metallic foams have a very low density compared to their parent material, much less mass is required to achieve a desired mechanical property, leading to a more sustainable material. To gain a better understanding of this material COMSOL Multiphysics 4.3, a FEM-based program, was used to simulate the material and approximate its response to compressive loads. The maximum von Mises stress and displacement data were analyzed in this work. Also, compression experiments were performed on porous Al samples similar to Figure 1b to verify and complement the results of the compression simulations. Figure 2 . Examples of Al foams used in selected applications: a) within sandwich panels for impact tests [4] , and b) as structural support in airborne liquid nitrogen pressure tanks [3] .
The general approach for this work involved: (1) designing porous Al specimens via a computernumerically-controlled mill, (2) conducting compression experiments using the Instron Universal Testing Machine on the porous Al specimens and analyzing key mechanical properties, (3) independently performing FEM simulations on 2D and 3D CAD models of porous Al structures under compressive loads ranging from 1-100 MPa, (4) comparing simulation results against data measured from compression experiments and complementary properties not available in experiments (e.g. maximum von Mises stress), and (5) using a materials design program (CES EduPack) to estimate the mechanical properties of porous Al (and open cell foams) for values not available experimentally, and for comparison purposes.
PROCEDURE Experimental Component
Sample preparation involved creating Al specimens containing pores ( Figure 1b ) using a CNC mill with specific dimensions to approximate the nature of Al foams and for testing on the IUTM. The experimental setup involved the following steps: 1) creating porous Al specimens (7400 series) with dimensions shown in Table 1 using the CNC, 2) performing uniaxial compression tests on the porous Al samples until failure using the IUTM, and 3) analyzing the resulting stress-strain curves to calculate key mechanical properties. An extensometer ( Figure 3 ) was attached to the porous samples in step 2) to accurately measure the loads as deformation occurred during compression tests. Compression conditions used in step 2 included: ASTM standard (Uniaxial Compression Testing) [5] , standard temperature and pressure, and a compression rate of 1 mm/min [6] . 
Simulations and Design-based Predictions Component
Model dimensions of 2D and 3D porous Al samples were designed using a simple C++ program to determine proper size and spacing of pores. These parameters were input into COMSOL Multiphysics 4.3 [7] software to build models for simulations, similar to previous work by Oliveira et al. [8] and Öchsner and co-investigator [6] , with dimensions shown in Table 1 . The FEM simulation procedure involved the following steps: 1) creating 2D and 3D models of porous 6061-T6 Al models using COMSOL Multiphysics 4.3, 2) setting boundary conditions ( Figure 4 ) and compressive loads (1-100 MPa) for each simulation using appropriate mesh sizes, and 3) performing simulations and analyzing mechanical properties such as compressive yielding, von Mises stress, displacement and strain energy. CES EduPack [9] was used in conjunction with scaling equations to estimate the theoretical mechanical properties of Al foams of varying densities. Parent Al materials (6061-T6 and 7400) have similar elastic moduli [5] . 
RESULTS

Experimental Component
Stress-strain plots were obtained upon compression tests in the IUTM in order to analyze the characteristic mechanical properties of the porous Al samples. Figure 5 shows the stress-strain curves after compression of two samples with different pore sizes. In this study, compressive strength for the porous Al samples is defined as the peak value in the compressive stress-strain plot, as indicated with arrows in Figure 5 . By contrast, Al foam samples have a characteristic plateau near the peak value in the stress-strain plot, where stress remains constant for large strains as previously reported by Ashby et al. [1] . Table 2 summarizes the resultant Young's modulus (or stiffness) and compressive strength for these samples, along with predicted results (from CES EduPack) to be discussed further below. Figure 6 depicts the failure mode on a representative porous Al sample upon compression. Table 2 ). Table 2 . Mechanical properties for porous Al specimens upon compression (experimental and estimated). Figure 6 . Failure of porous Al specimens display: a) sample tested in this study (2.5 mm pores) after a uniaxial compression test shows a brittle fracture occurred along the bottom row of pores, and b) similar failure in a porous Al specimen after a compressive test in a previous study [6] .
Simulations and Design-based Predictions Component
After the compression simulation of each porous Al model, several mechanical properties were analyzed using COMSOL Multiphysics 4.3. In particular, the von Mises stress was evaluated thoroughly as it represents the total stress at a particular point in the structure. The significance of the von Mises stress is that if its value is greater than the bulk material's yield strength, that location in the model is likely to begin to yield and deform plastically. Figure 7 shows the von Mises stress distribution in porous Al models under uniaxial compression simulations. These distributions show that the stress is at maximum in between pores along the direction of the load, representing stress concentrators which can lead to fracture. This correlates well with results by an independent study of similar porous Al samples [6] , in which large strains in between pores ( Figure 6b) were reported prior to fracture (which occurred perpendicular to the loading direction and along a bottom row of pores). Furthermore, the simulations of 2D models revealed that as pore size decreases the maximum stress also decreases, and distributes homogeneously in between the pores. Additionally, displacement distributions were analyzed for 3D models, as shown in Figure 8 . Results from CES EduPack are shown in Figure 9 , which represent a prediction of the mechanical properties of varying density Al foams. Other related predictions are shown in Table 3 . 
DISCUSSION AND CONCLUSIONS
The experimental tests produced results within 6-10% for the Young's modulus when compared to CES EduPack [9] data; however the experimental compressive strength values were much higher than expected (Table 2) . A possible source for this discrepancy is the definition of compressive strength and approximations within CES EduPack. In contrast, the 3D simulation results for compressive strength were in good agreement (up to 3% difference) with the CES EduPack data; however the 2D simulation results were unexpectedly higher ( Table 3 ). The differences come from the meshing sizes (which define accuracy) and inherent approximations used in the simulations. In addition, the machined porous Al samples in this study failed in a similar fashion as reported previously [6] , with the fracture occurring perpendicular to the loading direction (Figure 6a ).
Regarding the simulation results, the stress distributions were similar to those reported by Olivera et al. [8] , in that the maximum stress concentrations in porous Al samples occurred between the pores in the direction of the load. In addition, this study found the same increase in 2D compressive strength as in the previous study by Olivera et al. [8] , while the 3D simulations resulted in a more realistic value of the compressive strength.
When analyzing the validity of the predicted data, CES EduPack makes use of a number of scaling equations to determine how relative density affects the Young's modulus and the compressive strength of a model. These equations, defined previously by Ashby [1] , show the effect of relative density in terms of a power law relationship with several constant parameters. These effects were also reported by San Marchi and Mortensen [10] .
By combining these experiments and simulations, complementary data regarding the mechanical properties of porous Al (and potentially Al foams) can be readily available to analyze and be applied in future research. This means that a simple method of analyzing these lightweight materials under compression conditions with a relatively high degree of reproducibility and reliability has been identified. The importance of these findings is that this methodology can help to increase the efficient experimental testing and modeling of Al foams through the use of porous Al samples.
In brief, two main conclusions are presented in this study regarding the relationship between relative density and the mechanical properties of porous Al structures. First, compression test results indicate that as pore diameter decreases, the stiffness and compressive strength increases. This is possibly due to there being more of the parent (Al) material between the pores, creating a larger surface area and further enhancing the compressive strength. Additional tests are needed to measure the mechanical properties of porous Al samples with smaller pore diameters once the technical challenges in creating tiny pores are resolved. This effort will help to verify that porous Al samples with the same relative density yet slightly different pore diameters possess distinct mechanical properties. Second, simulations predicted that as Al foams relative density decreased, so would their stiffness and compressive strength values. This is possibly due to the power law relationship associated with the mechanical property definitions by Ashby et al. [1] used in the CES EduPack software. In the future, other modeling techniques will be explored such as porous gradients, and more robust models will be created using similar software. These types of models may include Kelvin [11] or Voronoi [12] cells, which more accurately model foams and may help to accurately predict properties of porous systems. Also, further experimental tests of porous Al samples and commercially available Al foams will be conducted for verification purposes.
